Background Secondary hyperparathyroidism and altered levels of parathyroid hormone (PTH) are associated with vascular events in chronic kidney disease. After renal transplantation, this association is not clear. Pre-transplant parathyroidectomy (PTX) is common, but post-transplant data are scarce. We aimed to study the effect of PTH at the time of transplantation on risk of post-transplant vascular events in renal transplant recipients with and without pre-transplant PTX. Methods 258 patients from two Swedish transplant units were followed for 6 years. Separate analyses were made for patients with or without pre-transplant PTX. Patients with no pre-transplant PTX were stratified by quartiles of PTH at time of transplantation and patients with pre-transplant PTX were stratified by above and below median levels of PTH at time of transplantation. Hazard ratios for vascular events, mortality, and graft failure were calculated in adjusted Cox regression models. Results In patients with no pre-transplant PTX, the lowest quartile of PTH at transplantation had a higher risk of cardiovascular events compared to quartile 3 with an adjusted hazard ratio (95% CI) of 2.63 (1.04-6.67). In patients with pre-transplant PTX, the group below median of PTH had a higher risk of cardiovascular events with an adjusted hazard ratio (95% CI) of 18.15 (1.62-203.82) compared to patients above median of PTH. Conclusion Low levels of parathyroid hormone before transplantation were associated with increased risk of post-transplant vascular events both in patients with and without pre-transplant parathyroidectomy. Any conclusions on causal or direct effect of PTH on outcome cannot be drawn from this observational study.
Introduction
Secondary hyperparathyroidism (sHPT) is common in chronic kidney disease and is associated with bone disease and vascular calcifications [1] . In spite of improved medical treatment for sHPT, surgical treatment with parathyroidectomy (PTX) is still often necessary [2] . In sHPT, the mineral metabolism is disturbed and many factors contribute to the associated morbidity. Levels of parathyroid hormone (PTH) are mainly used to grade the extent of sHPT and both high and low PTH have been associated with cardiovascular disease (CVD) in patients on maintenance dialysis [3] [4] [5] [6] . Renal transplantation improves many of the underlying causes of sHPT and levels of PTH decrease after transplantation, even though sHPT persists in the majority of renal transplant recipients over the short as well as long term [7, 8] . Recent studies have shown no association between posttransplant PTH and risk of vascular events [9] , but have shown an association with graft failure and mortality [10] . Data on pre-transplant PTH and outcomes are limited and few studies report whether patients have been treated with PTX before transplantation or not, which may influence the results. When evaluating patients for renal transplantation, the PTH level is one of many important parameters to include as sHPT can influence patient and graft survival. No upper PTH limit for renal transplantation has been defined, but hypercalcemia is generally not accepted. Our intention was to describe the relation between pre-transplant plasma PTH and long-term risk of incident cardiovascular disease after renal transplantation in patients with and without pretransplant PTX.
Subjects and methods

Patient selection
We performed a retrospective study of patients above 18 years of age who underwent renal transplantation at Skåne University Hospital and Karolinska University Hospital between 1 January 2003 and 31 December 2005. The regional ethical review board approved the study on the condition that patients alive at follow-up (1st of February 2011) gave informed, written, consent.
Search of medical records
We manually searched patients' medical records using a prespecified form. We defined the baseline as the date of transplantation and the endpoint as 6 year post-transplantation, death or graft failure, whichever occurred first. Demographic data and years on dialysis treatment were obtained as well as any history of parathyroidectomy (PTX), ongoing treatment with calcimimetics, diabetes, prevalent cardiovascular disease, treatment of hypertension, hyperlipidemia, and hyperuricemia was noted as well as any history of smoking and type of graft: from living donor or deceased donor. During the observation period, any new, incident vascular event (myocardial infarction, coronary revascularization procedure, cerebral infarction, transient ischemic attack, peripheral vessel revascularization, amputation, or death from cardiovascular disease) was noted from medical records. Only the first vascular event was recorded. Immunosuppressive treatment was noted as well as all treatment of mineral metabolism such as calcimimetics, vitamin D, calcium supplements, phosphate binders, and parathyroidectomy after transplantation.
Laboratory analyses
Laboratory data of PTH, phosphate, creatinine, calcium, albumin, triglycerides, low-density lipoprotein (LDL), high-density lipoprotein (HDL), uric acid, and C-reactive protein (CRP) were collected prior to the date of transplantation. PTH, phosphate, creatinine, calcium, and albumin were thereafter collected yearly after transplantation. Plasma phosphate (normal range 0.7-1.5 mmol/L), calcium (normal range 2.15-2.50 mmol/L), albumin (normal range 18-40 years 36-48 g/L, 41-70 years 36-45 g/L), creatinine (normal range 45-90 µmol/L female, 60-105 µmol/L male), LDL mmol/L (normal range 1.4-4.7 mmol/L), HDL mmol/L (normal range female 1.0-2.7 male 0.8-2.1 mmol/L), triglycerides mmol/L (normal range 0.4-2.6 mmol/L), uric acid µmol/L (normal range female 155-350, male 230-480 µmol/L), and CRP mg/L (normal range < 3 mg/L) were determined using routine methods. Albumin-corrected calcium was calculated by the following formula Ca-corr = P − Ca + (0.02 × (40 − P-albumin)). Levels of PTH (normal range 1.6-6.9 pmol/L) were determined by a two-site chemiluminescent immunometric assay and were analyzed either using Cobas e411/Elecsys, Roche or Immulite 2000, Siemens. Since the different PTH assays were not entirely comparable, we used an adjusting formula (Cobas = 0.7439 × Immulite + 0.7351) defined at the Department of Clinical Chemistry at Skane University Hospital. The glomerular filtration rate was estimated by a creatinine-based equation (Lund-Malmö glomerular filtration rate prediction equation without body weight measure) [11] and results given as mL/min/1.73 m 2 . Plasma creatinine assays employed calibration traceable to a common reference material and a zero-point calibrator, both issued as part of the NORIP project [12, 13] . Length and weight were obtained at the time of discharge from the transplantation unit and we calculated body mass index (BMI) by the following formula: weight (kg)/(length (m)) 2 .
Statistical analyses
We divided the patients into two groups: patients with no pre-transplant PTX and patients with pre-transplant PTX.
Patients with no PTX were stratified by quartiles of PTH levels at the time of transplantation. Due to a small patient number, patients with PTX were stratified above and below median PTH levels at the time of transplantation. 
Results
A total of 258 patients were included in the study, whereof 36 were parathyroidectomized before transplantation. Baseline demographic data of patients in the different groups are presented in Table 1 . During the follow-up, there were a total of 55 incident vascular events. Twenty-five patients suffered from myocardial infarction, 15 from peripheral vascular events, and 15 from stroke. Overall mortality was 10% (n = 26) at the endpoint. Of these, 14 were caused by CVD, seven by malignancy, and five had other causes. The number of patients with pre-existing cardiovascular disease, a history of smoking and hypertension as well as anti-hypertensive treatment did not differ significantly between groups and the numbers are summarized Table 1 . The majority of patients were treated with triple immunosuppressive treatment which consisted of prednisolone and either tacrolimus and mycophenolate mofetil (MMF) (60%), cyclosporin A and MMF (15%), or tacrolimus and azathioprin (15%). Ten percent received other immunosuppressive drugs. Median (interquartile range, IQR) follow-up for cardiovascular events was 72 (56-72) months and for graft failure and overall mortality 72 (72-72).
Laboratory analyses
Levels of PTH, phosphate, calcium, and eGFR at start, 2, 4, and 6 years after transplantation in strata are described in Table 2 . PTH decreased from preoperative values to 2 years after transplantation but remained fairly stable beyond year 2 through follow-up in non-PTX groups. Levels of albumincorrected calcium were higher in groups with higher PTH in non-PTX patients through follow-up. Levels of uric acid differed significantly between groups of non-PTX patients.
Patients in the highest quartile of PTH had higher uric acid levels compared to patients in the lower quartiles of PTH. In PTX patients, PTH levels were stable after transplantation and levels of albumin-corrected calcium were lower in the group with lower PTH at the start, 2 and 4 years after transplantation. In the same group, phosphate was higher at 2, 4, and 6 years compared to patients with PTH above median. Pre-transplant levels of CRP, albumin, and BMI did not differ between groups (Table 1 ). There were no significant differences between levels of plasma lipids before transplantation.
Post-transplant treatment for sHPT
The number of patients treated with PTX and calcimimeticum after transplantation was numerically but not significantly higher in the non-PTX transplanted patients during the 6 years of follow-up. In the group of patients who underwent PTX before transplantation, two out of 18 were treated with calcimimeticum after transplantation. Treatment with alfacalcidol was more common in patients in the higher quartiles of pre-transplant PTH and treatment with cholecalciferol was more common in patients with lower quartiles of pre-transplant PTH. All post-transplant sHPT treatments are summarized in Table 3 .
Outcome in renal transplant recipients without PTX before transplantation
Hazard ratios (95% CI) of incident vascular events across strata in patients with no pre-transplant PTX are summarized in Table 4 . The lowest quartile of PTH showed an increased risk of vascular events with a hazard ratio (95% CI) of 2.63 (1.04-6.67) compared to reference. Age at the time of transplantation, a history of cardiovascular disease, and diabetes at the time of transplantation were all associated with outcome. When adjusting for levels of uric acid before transplantation or treatment with alfacalcidol or cholecalciferol after transplantation, the confidence intervals were wider, but hazard ratios for cardiovascular events in quartiles of PTH were similar (data not shown 
Outcome in renal transplant recipients with PTX before transplantation
Hazard ratios (95% CI) of incident vascular events across strata in patients with no pre-transplant PTX are summarized in Table 5 . In patients with pre-transplant PTX, the group below median of PTH had a higher risk of vascular disease with an adjusted hazard ratio (95% CI) of 18.15 (1.62-203.82) compared to patients above the median of PTH. A history of CVD was associated with incident vascular events, but pre-transplant diabetes was not. There were too few events to obtain any statistics on overall mortality or graft failures in patients with a pre-transplant PTX, which is why this has not been done.
Discussion
In this observational study our main findings were that low PTH at the time of transplantation was associated with a higher risk of post-transplant cardiovascular events. Surprisingly, patients in the highest quartile of p-PTH before renal transplantation did not seem to suffer higher risk of cardiovascular events, mortality or graft failure during 6 years of follow-up. This is contrary to a large study in patients in dialysis [6] , where high PTH was associated with higher risk of mortality and cardiovascular-related hospitalization. That study differs from the present study in that it did not include patients with a renal transplant. Furthermore, the higher risk for cardiovascular hospitalization was only seen in patients with PTH above 600 pg/mL (approximately 63.7 pmol/L) in that study, which is above the levels of the highest quartile in our study, making comparisons between studies difficult. Data on pre-transplant PTH and post-transplant outcomes are scarce but Roodnat et. al. [15] found a significant positive correlation between pre-transplant levels of PTH and graft failure. We found no such association; during 6 years of follow-up, GFR levels tended to be stable in all PTH groups. There are studies on post-transplant PTH levels and cardiovascular risk. Marcen et al. [16] performed a study on 331 renal transplant recipients followed for 7 years and found no correlation between PTH at 1 month post-transplantation and cardiovascular events. Similarly, Pihlstrom et al. [10] studied a large cohort of renal transplant recipients (n = 1840) for a mean of 7 years and found no correlation between posttransplant PTH and CVD. Bleskestad et al. [17] studied 438 renal transplant recipients with preserved graft function and found an increased risk of a combined endpoint of CVD, graft failure, and death correlated with quartiles of 10 week post-RT PTH. The risk of CVD exclusively is not reported in the study. However, the patients in our study with the highest risk of vascular disease after transplantation had PTH levels at the time of transplantation below 9.5 pmol/L (no PTX pretransplantation) and 6.6 pmol/L (PTX pre-transplantation), which is markedly low. The median level of PTH in patients with pre-transplant PTX was 1.5 pmol/L. Prior studies in patients with ongoing dialysis show that PTH levels below 65 pg/mL (approximately 6.9 pmol/L) can predict mortality and vascular outcomes [4, 5, 18] which corresponds to our findings. For patients on dialysis, the higher risk of mortality and vascular outcomes in patients with low levels of PTH has been explained by older age, malnutrition, and poor protein intake [4] . Lee et al. found that patients on dialysis with PTH levels below 65 pg/mL had a higher risk of vascular events and mortality compared to patients with PTH above 65 pg/mL and suggested that this was driven by vascular calcifications. This was supported by a higher progression rate of aortic arch calcification scores in the group with low PTH [5] . In our study, patients with low PTH were not of older age and indirect measures of malnutrition such as levels of albumin and BMI did not differ between groups. Another possible explanation for the higher risk of vascular disease in patients with low PTH is post-transplant bone disease [19] . Bone biopsies early after renal transplantation show reduced activity of osteoblasts [20] and patients with low PTH pretransplant show lower post-transplant osteoblastic activity [21] . This reduced cellularity and low bone turnover can develop into an adynamic state of the bone which diminishes the ability of the bone to buffer elevations in blood levels of phosphorus and calcium, which in turn leads to calcifications of soft tissue and vessels [22] and thereby a higher risk of vascular morbidity. Hypercalcemia was more frequent in the groups with higher PTH and no pre-transplant PTX during follow-up. This is probably caused by PTH mediated calcium release from the skeleton [23] .
Distribution of traditional cardiovascular risk factors such as hypertension, smoking and lipid status before transplantation did not differ between groups. Low and high levels of uric acid have been associated with cardiovascular disease and mortality in dialysis patients [24] , and in our study, levels of uric acid were significantly higher in the highest quartile of PTH, but did not differ between quartiles 1, 2, and 3. Adjusting for levels of uric acid did not alter the association between PTH and cardiovascular disease why this cannot explain the high risk of CVD in the lowest quartile of PTH.
Treatment for post-transplant sHPT differed between groups. Patients with no pre-transplant PTX with higher PTH were more often treated with active vitamin D (alfacalcidol). This may have influenced the results, since treatment with active vitamin D has been associated with reduced mortality in dialysis patients [25] . Patients with no pre-transplant PTX with lower levels of PTH received more cholecalciferol compared to patients with higher PTH. Patients with higher PTH might not have been given cholecalciferol, since cholecalciferol treatments were combined with calcium supplements in most cases and patients with higher PTH had higher calcium levels during follow-up. However, including either alfacalcidol or cholecalciferol treatment after transplantation did not affect hazard ratios for cardiovascular disease between quartiles of PTH. The immunosuppressive treatment protocols at the institutions in the present study have undergone only minor changes since 2003-2005, mainly with reduction of steroid dose. We deem it unlikely that the hyperparathyroid state has been affected by this change.
Our findings that patients with a pre-transplant PTX and low pre-transplant levels of PTH suffer from an increased risk of post-transplant vascular disease is of clinical importance, especially since there is an ongoing debate about whether to perform PTX before or after transplantation [26] .
Limitations
Patient numbers were relatively small, which could influence the results. However, we included two centers in Sweden, which hopefully makes the results more accurate for the overall Swedish population of renal transplant recipients. Levels of PTH were analyzed with two different techniques (40 patients had their PTH levels analyzed with Immulite 2000). This is a methodological problem that is hard to assess in the setting of a multicenter observational study and it can potentially influence the results. We made efforts to correct the issue, which is shown in our methods. Patients were selected during 2003-2005 and outcomes in renal transplant patients might differ from today why this must be taken into consideration when interpreting the results. Our study is a retrospective analysis and consequently burdened with some possible sources of bias.
Conclusion
Low (less than 6.9 pmol/L) levels of parathyroid hormone before transplantation were associated with a higher risk of post-transplant vascular events both in patients with and without pre-transplant parathyroidectomy. Any conclusions on causal or direct effect of PTH on outcome cannot be drawn from this observational study.
